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ABSTRACT Major burns induce immune complications, which are associated with myeloid cell activation by ill-defined
mechanisms. Although +% T cells have been shown to be important in postinjury inflammation and wound healing, their role
in the regulation of myeloid cells remains unknown. To study this, wild-type (WT) and +% T cell deficient (%TCR-/-) mice were
subjected to major burn (25% total body surface area, third degree) or sham treatment. At 3 days thereafter, skin samples
were assayed for cytokine content or used to isolate single cells that were used for myeloid cell characterization by flow
cytometry. The number of CD11b+ myeloid cells increased by approximately 75% in the wound skin of WT mice. This influx
was caused by increased myeloid-derived suppressor cells (CD11b+ GR1+) whose numbers increased 19-fold compared
with those of sham skin. In contrast, macrophage (MØ; CD11b+ F4/80+) numbers decreased by approximately 50% after
burn. In %TCR-/- mice, burn increased the myeloid cell numbers approximately 5-fold. The increase in myeloid cells at the
injury site of %TCR-/- mice was caused by both a myeloid-derived suppressor cell (50-fold) and a MØ (2-fold) influx. Burn
increased skin cytokine levels for a number of prototypic inflammatory cytokines (interleukin 1", interleukin 6, tumor ne-
crosis factor-!, macrophage inflammatory protein [MIP] 1", etc). Tumor necrosis factor-!, MIP-1!, and MIP-1" levels were
further elevated (2- to 3-fold) in the injured skin of %TCR-/- mice compared with those of WT mice. In conclusion, these data
show that +% T cells regulate myeloid cell infiltration of the wound site and act to quell inflammation, thereby promoting the
transition to the proliferative phase of wound healing.
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INTRODUCTION

The morbidity and mortality associated with major burn can,

in part, be attributed to various derangements of the immune

system and inflammatory response that contributes to the subse-

quent development of systemic inflammatory response syndrome

and multiple organ failure (1, 2). Nonetheless, inflammation has

a beneficial role at times and, in particular, plays a major role

in the complex process of wound repair. The regulation and

propagation of inflammatory responses are highly regulated and

involve multiple immune cell types (i.e., T cells, macrophages,

neutrophils).

Numerous studies have implicated macrophages and other

myeloid cells in postburn immune dysfunction (2Y5). In general,

these studies have supported a concept of Bhyperactivation[
of the myeloid cell with elevated release of various pro-

inflammatory mediators. Nonetheless, these studies have pri-

marily focused on circulating leukocytes or cells from primary

immune organs, such as the spleen. Although studies have ex-

amined wound macrophage function and phenotypes (6Y8),

detailed analysis of the myeloid cells at the healing burn wound

site have not been conducted. Recent findings with a wound

sponge model suggest an important role for myeloid cells and +%
T cells in the burn woundYhealing response (9, 10). Nonethe-

less, this model system did not look at the cells directly infil-

trating the burn wound.

T cells expressing the +% TCR normally represent a small

percentage of cells in lymphoid tissues but are abundant in the

skin and other epithelial tissue beds (11). With regard to trauma,

recent studies have shown the presence of activated +% T cells in

the circulation of patients with severe inflammatory response

syndrome, demonstrating the important role of these cells in the

early response to severe injury (12), and preclinical studies have

shown the presence of activated +% T cells in the circulation of

burn-injured mice (13). The current study was undertaken to

better characterize the role of wound +% T cells in the regulation

of the wound myeloid cell activity.

MATERIALS AND METHODS

Mice
C57BL/6 wild type (WT) and mice lacking +% T cells (% TCR / ; C57BL/6J

Tcrdtm1Mom) (male, 18 25 g; the Jackson Laboratory, Bar Harbor, Maine)
were used for all the experiments. Mice were allowed to acclimatize for at least
1 week before experimentation and maintained in ventilated cages under spe
cific pathogen free conditions. Animals were randomly assigned to either
sham or burn group. All animal protocols were approved by the Institutional
Animal Care and Use Committee of the University of Texas Health Science
Center at San Antonio. This study was conducted in compliance with the Animal
Welfare Act, the implementing Animal Welfare Regulations, and the principles
of the Guide for the Care and Use of Laboratory Animals.

Burn procedure
Mice received a scald burn as described previously (14). Briefly, the mice

were anesthetized by intraperitoneal (i.p.) injection of ketamine/xylazine, and
the dorsal surface was shaved. The anesthetized mouse was placed in a custom
built insulated mold, exposing 12.5% of their total body surface area along the
right dorsum. The mold was immersed in 70-C water for 10 s to produce a
third degree burn. The burn procedure was repeated on the left dorsal side,
yielding a total burn size of 25% total body surface area. Previous studies have
verified this injury to be a full thickness burna as defined by observed damage
to the epidermal, dermal, and subdermal layers (14). No analgesics were used
postburn because they can impact the immune response to burn injury and other
forms of trauma (15). The mice were then resuscitated with 1 mL of Ringer’s
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In parallel to WT mice, the percentage of CD11b+ GR1-F4/80+

cells in the burn wound skin of %TCR-/- mice was decreased

significantly compared with sham skin; however, the decrease

was far less than that observed in WT mice (Table 4).

Gamma delta T cells suppress aspects of the
myeloid-mediated burn wound inflammatory response

The burn wound inflammatory response was assessed by

measuring the cytokine content of skin lysates. As expected, a

number of proinflammatory cytokines were elevated in the

burn wound of WT mice (Fig. 7). In particular, a 50-fold in-

crease in the levels of IL-6 and a 150-fold increase in the levels

of MIP-1! were observed in the burn wound compared with

sham skin. Interleukin 10 was the only cytokine measured that

did not increase in the burn wound compared with sham skin. A

number of the inflammatory cytokines were further increased in

the burn wound of %TCR-/-, as the levels of MIP-1!, MIP-1",

and TNF-! in the burn wound of %TCR-/- mice were approxi-

mately 2- to 3-fold greater than that of wounds from WT mice.

DISCUSSION

Major burn is associated with immunoinflammatory and wound

healing complications (4, 9, 10, 17Y19). However, although

inflammatory complications are deleterious, inflammation also

plays an important role in the progression of the injury healing

process, via the recruitment of immune cells to the injury site

(9, 17). These immune cells, that include myeloid cells (i.e.,

neutrophils and macrophages) and T cells, release a wide range

of factors, including cytokines, chemokines, and growth factors

that are essential for proper wound healing (17, 20Y22). Our

group has previously shown that +% T cells play a pivotal role

after burn in the regulation of inflammation and wound healing

(9, 16, 19). Interestingly, +% T cells also have been shown to

induce macrophage infiltration of the wound site (23), which are

central in the immune complications associated with burn (2, 19).

The current study was conducted to assess the role of +% T cells

in the regulation of myeloid cells at the burn wound site. Our

findings herein demonstrate that the +% T cells are critical in

the regulation of myeloid cell trafficking at the burn wound site.

In the absence of +% T cells, (%TCR-/- mice) CD11b+, F4/80+,

and Gr1+ myeloid cell numbers were markedly increased over

that observed in WT burn mice. This increased influx of

myeloid cells included both CD11b+F4/80+ macrophages and

CD11b+Gr1+ MDSCs.

Wound healing after burn is an intricate process orchestrated

by the complex interplay of myeloid cells, T cells, and other

immune cells (10). Previous studies have shown a role for my-

eloid cells in the immune response to burn, trauma, and sepsis

(17, 19, 24Y26). Gr-1, CD11b, and F4/80 antigens have been

shown to be expressed on the surface of immature myeloid cells

and monocytes. In the present study, characterization of the

wound infiltrating cells revealed that CD11b+, F4/80+, and Gr1+

myeloid cells were increased over that observed in uninjured

skin. Further characterization of myeloid cells demonstrated

that these cells were composed of both traditional macrophages

(CD11b+F4/80+) and CD11b+Gr1+ myeloid cells. These mye-

loid cells have been shown to increase in animal models and

patients with cancer, injury, and infection (5, 17, 26, 27). Cairns

et al. (28) have also shown an accumulation in the periphery of

CD11b+F4/80+ macrophages after burn injury. Further charac-

terization of F4/80+ based on the CD11blow and CD11bhigh ex-

pression revealed that, after injury, both of these populations

were increased significantly at the burn wound site; however,

there was a profound shift toward a CD11bhigh-expressing pop-

ulation. Holt et al. (29) have also identified two distinct macro-

phage populations in mouse liver after acetaminophen challenge.

Although they observed CD11blowF4/80high macrophages in

PBS-treated control mice, CD11bhighF4/80low macrophages were

present in the mice challenged with acetaminophen. In another

study, Arnold et al. (30) demonstrated a change in the phenotype

of recruited monocytes during the resolution of inflammation

and tissue repair. They demonstrated that the recruited macro-

phages at the tissue injury site were changed from inflammatory

to anti-inflammatory phenotype, which was tissue protective.

The different subsets observed in our study may represent acti-

vated resident macrophages that have increased the expression of

CD11b or, alternatively, they may be derived from circulating

monocytes that are recruited at the wound site after burn.

A profound increase in CD11b+Gr1+ myeloid cells was

observed at the wound site after burn. In this regard, MDSCs

TABLE 3. Characterization of CD11b+ Gr1- myeloid cells

Percentage Cell number, �105 cells per gram wet weight of skin

Sham Burn uninjured Burn wound Sham Burn uninjured Burn wound

WT 2.6 T 0.4* 2.5 T 0.2 5.3 T 0.4* 2.2 T 0.1 2.4 T 0.6 2.0 T 0.3

% TCR-/- 2.6 T 0.2 3.3 T 0.2 11.6 T 1.1†‡ 1.4 T 0.2 3.4 T 0.7 9.3 T 1.4†‡

Three days after sham or burn procedure, skin cells from WT or % TCR-/- mice were studied for CD11b and Gr1 expression to characterize CD11b+Gr1-

myeloid cells using flow cytometry.
*Data are mean T SEM for three to seven mice per group.
†P G 0.05 vs. uninjured skin of the respective WT or % TCR-/- mice.
‡P G 0.05 vs. injured skin of the respective WT mice.

TABLE 4. Characterization of CD11b+Gr1- myeloid cells based on
their F4/80 expression

Sham Burn uninjured Burn wound

WT 86.7 T 1.3* 79.1 T 3.3 19.1 T 3.1†

% TCR-/- 95.9 T 1.0 85.9 T 1.9 46.8 T 4.3†‡

Three days after sham or burn procedure, skin cells from WT or % TCR-/-

mice were prepared and studied for CD11b, Gr1, and F4/80 expression
to characterize CD11b+Gr1- myeloid cells using flow cytometry. Gating
was on the CD11b+ Gr1- cell population.
*Data are mean T SEM for three to seven mice per group.
†P G 0.05 vs. uninjured skin of the respective WT or % TCR-/- mice.
‡P G 0.05 vs. injured skin of the respective WT mice.
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systemic response. We have previously shown that punch wound

closure rates are suppressed in burn mice (37), supporting the

concept that the wound inflammatory response differs between

these two models.

Nitric oxide (NO) is known to promote angiogenesis (38);

therefore, it can be speculated that the appearance of NO-

producing MDSCs at the wound site 3 days after burn helps

transition the wound from an inflammatory to the proliferative

stage of healing. Gamma delta T cells also regulate iNOS ex-

pression at the burn wound site because iNOS expression in

the injured tissue was significantly decreased in the absence of

+% T cells (39). The lack of NO-mediated suppression in burn

%TCR-/- mice may allow for expansion of the myeloid cell

populations at the wound site. Nitric oxide is also involved in

several inflammatory pathways, including granulation tissue

formation, epithelial proliferation, collagen synthesis, and an-

giogenesis, and thereby helps accelerate wound recovery (38).

Alternatively, +% T cells produce a number of chemokines for

the recruitment of other immune cells, and the lack of infil-

tration by these cells may influence the myeloid cell numbers

and phenotype.

Although +% T cells are the predominant dermal T cells in the

mouse skin, in humans, the majority of the T cells are of !" TCR

lineage (19, 40). Nonetheless, it is clear from different clinical

studies that +% T cells, in human skin, play an important role

in dermal pathologies, such as systemic lupus erythemoatosis,

leprosy, leishmaniasis, and malignancies (41, 42). Thus, al-

though the absolute numbers of +% T cells in human skin may be

less than that observed in rodents, they are an active cell pop-

ulation in humans and their role in human dermal pathology is

clearly evident.

In the current study, in parallel to the infiltration of myeloid

cells and MDSCs, we also observed an increase in the number

of inflammatory cytokines and chemokines such as, IL-1", IL-6,

TNF-!, MIP-1!, MIP-1", and monocyte chemoattractant pro-

tein 1 at the burn site. The levels of epidermal TNF-!, MIP-1!,

and MIP-1" were further elevated in the injured skin of %
TCR-/- mice compared with WT mice. These data are consis-

tent with our previous findings by Oppeltz et al. (39). In contrast,

a study by Daniel et al. (9) showed a profound attenuation in

cytokine/chemokine levels at the wound site in % TCR-/- mice.

This suggests that +% T cellYmediated regulation of resident

immune cells (in the current study) and that of infiltrating cells

in the study by Daniel et al. (9) are markedly different.

The role of +% T cells in the recruitment of inflammatory

cells to the injury site after burn has been previously described,

as +% T cellYdeficient mice displayed a significant reduction

in the cellular infiltration of the wounds and decreased growth

factor (9, 16). Our recent study provides evidence that +% T cells

also regulate T-cell infiltration of the burn wound, as infiltration

of the wound with !" T cells was markedly attenuated in +% T

cellYdeficient mice (43). Thus, these studies support the concept

that +% T cells play a central role in regulating burn wound

infiltration, inflammation, and healing.

In conclusion, +% T cells play in important role in myeloid

cell recruitment to the wound site early after burn and appear

to act to transition the wound from an inflammatory stage to a

proliferative stage of healing. Based on these findings and that

wound healing after burn is a relevant clinical problem and clearer

understanding of potential targets of therapeutic intervention

(i.e., +% T cells and MDSCs), data may provide improvements

in burn care, leading to decreased morbidity and mortality.
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